ACTUATOR USING DIPPLACEMENT ELEMENT 

This application is based on Patent Application No. 1 1-312965 
filed in Japan, the content of which is hereby incorporated by reference. 

RAricnROUND Q FTHF INVENTION 
5 Field of the Invention 

The present invention relates to an actuator using a 
displacement element such as a piezoelectric element or the like. 

Description of the Related Art 

4 f i l ei^^ui il yeiu r a, actuators have boon piu puj> u iJ I luy^inyjjt 
displacement elements such as a piezoelectric element^ 
arranged with their displacement directions set^J^^Tpredetermined angle 
(e.g., 90°). In this actuator, an alternatiiTg<5ufrent voltage signal having a 
specific phase difference driv^s-^dch displacement elements such that a 
drive member provid^et-^fthe intersection point of the displacement 
elements rrT^y^flnan elliptical path. This drive member abuts a driven 
membefTond rotates or moves the driven member in a specific direction. 
a^e^-eB- € i ctuator is rcfcrrod to n tri m f f p fi uuluuti^r. 

The operating principle of the general truss-type actuator is 
described below with reference to FIG. 1 5. FIG. 1 5 shows a truss-type 
20 actuator pressed against a rotor (driven member) 40 with a specific 

pressure F via a spring 41 . In FIG. 1 5, ^ represents the friction coefficient. 
The voltage or resulting displacement applied to the first piezoelectric 
element (displacement element) 10 and the second piezoelectric element 
(second displacement element) 10' is shown in FIG. 16. When sine wave 
25 voltages of different phase, as shown in FIG. 1 6, are applied to the first 

piezoelectric element 10 and the second piezoelectric element 10', the first 
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piezoelectric element 10 and the second piezoelectric element 10' are 
displaced in a sinusoidal wave-like fashion in accordance therewith. As a 
result, a tip member (drive member) 20 linked to the first piezoelectric 
element 10 and the second piezoelectric element 10' moves elliptically 
(including circular movement). 

When the frequency of the sine wave voltage applied to the 
first piezoelectric element 10 and the second piezoelectric element 10' 
exceeds a predetermined value and the tip member 20 rotates at faster 
speed, the actuator itself cannot follow the displace the tip member 20 
due to the force applied by the spring 41 , and the tip member 20 is 
S temporarily separated from the surface of the rotator 40 (intermittent 

S contact). The tip member 20 moves in a direction opposite to a specified 

S direction while the tip member 20 is separated from the surface of the rotor 

"5 40, so as to cause the rotor to rotate. This state is shown in FIGS. 1 7a~l 7e. 

FIGS. 1 7a and 1 7e show the first piezoelectric element 1 0 and 
second piezoelectric element 1 0' both extended, with the tip member 20 in 
i contact with the surface of the rotor 40. FIG. 1 7b shows the first 

i piezoelectric element 1 0 contracted and the second piezoelectric 

° element 1 0" extended, with the tip member 20 separated from the surface 

of the rotor 40. FIG. 1 7c shows the first piezoelectric element 10 and the 
second piezoelectric element 10' both contracted, with the tip member 20 
separated from the surface of the rotor 40. FIG. 1 7d shows the first 
piezoelectric element 10 extended and the second piezoelectric element 
10' contracted, with the tip member 20 in contact with the surface of the 
rotor 40 when the actuator overtakes the movement of the tip member 20. 
As can be understood from FIGS. 1 7a~l 7e, the rotor 40 is rotated by the 
repeated contact with and separation from the surface of the rotor 40 by 
the tip member 20. 
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When the amount of displacement of the first piezoelectric 
element 10 and the second piezoelectric element 10' is small and the 
amount of displacement of the tip member (drive member) 20 is less than 
several micrometers, a normal contact state arises between both the tip 
member 20 and the rotor 40 due to the elasticity of the materials of the tip 
member 20 and the rotor 40. In this instance, in essence disadvantages 
arise since the tip member 20 must separate from the surface of the rotor 
40 and return in a specific direction so as to result in a reduction in speed of 
the movement of the rotor 40 due to the frictional force arising betvy/een 
both members, or the rotor 40 returns in the opposite direction in 
conjunction with the tip member 20 so as to reduce the output of the 
actuator. This phenomenon becomes more pronounced as the force 
exerted by the spring 41 increases. 

OBJECTS AND SUMMARY 

In view of the aforesaid disadvantages, an object of the 
present invention is to provide an improved actuator. 

A further object of the present invention is to provide an 
actuator having high drive efficiency by driving at optimum drive 
conditions even when the amount of displacement of the displacement 
element is small. 

These and other objects are attained by one aspect of the 
present invention providing an actuator comprising: 

a displacement element which produces a specific 
displacement; 

a drive member connected to one end of the displacement 
element and which transfers the displacement of the displacement 
element to a driven member; 
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a stationary member wliicin supports tine otl^er end of tine 
displacement element; 

a compression member which presses the drive member 
against the driven member; and 

a drive circuit for driving the displacement element when the 
drive member and the driven member are in a state of intermittent 
contact, and under conditions near the condition of transition from the 
intermittent contact state to a normal contact state. 

In the actuator, when the spring constant of the compression 
member is designated kl , the combined spring constant of the 
displacement element and the drive member is designated k2, the spring 
constant of the driven member is designated k3, the amount of 
displacement of the displacement element is designated XO, and the 
compression force applied by the compression member is designated Nt, it 
is desirable that the following relationship is satisfied: 

Nt=XO (1/(1 /k2+ 1 /k3)- 1 / ( 1 /k 1 + 1 /k2+ 1 /k3) ) 
It is further desirable that the displacement element is driven at 
a resonance frequency. 
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RRIFF DESCRIPTION OFT HF DRAWINGS 

j-and other objocK ui id ruulurosj^Mht 
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will become apparent frornjheJsllowhTT^ of the preferred 

embodimentsihefet5T'Taker^ conjunction with the accompanying 
\7lngs, in which: 

rOt-HHtow s Ihes li uulu i uuf u lu ii iinu l e-lyiJfc' p iezo ol eclTi& ^ 

element; ^ — — ■ 

^_Eii^-.2ittasfraTeilhe^ between the displacement 

^l^^ gg^^f ^ic+^r +inn ) n f thn piftToft io ctric e l em >=^ nt r i f( d tho strength of th o. 
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-etee^ficn-ieia generated betw een euU i u l uc l iude i n II l u lu i ii i i lulu - l y uj g ^ 
piezoelectric element; / 

FIG. 3 shows the structure of a truss-type actuator u^lng a 
laminate-type piezoelectric element; / 

FIG. 4 shows the block structure of the drive cjFcuit; 

FIG. 5a shows the path of the drive memb^of the actuator 
when the amplitudes of the drive signals applied tc^wo piezoelectric 
elements are equal and the phase difference is O^Jegrees; 

FIG. 5b shows the path of the driv0 member of the actuator 
when the amplitudes of the drive signals applied to two piezoelectric 
elements are equal and the phase difference is 45 degrees; 

FIG. 5c shows the path o^he drive member of the actuator 
when the amplitudes of the drive signals applied to two piezoelectric 
elements ore equal and the phofse difference is 90 degrees; 

FIG. 5d shows the/path of the drive member of the actuator 
when the amplitudes of the/drive signals applied to two piezoelectric 
elements ore equal and tne phase difference is 180 degrees; 

FIG. 6a shows the path of the tip member when is under no 
load and a drive voltage of 30 V is applied; 

FIG. 6tz5 shows the path of the tip member when is under no 
load and a drivef voltage of 40 V is applied; 

BG. 6c shows the path of the tip member when is under no 
load and a/drive voltage of 50 V is applied; 

/ FIG. 6d shows the path of the tip member when is under no 
load a/d a drive voltage of 60 V is applied; 

/ FIG. 6e shows the path of the tip member when is under no 

loojd and a drive voltage of 70 V is applied; 

/ FIG. 6f shows the relationship between the drive voltage and 

+hn n j |n , m-^t"r H i^pln ^- p m ^^ nt nmoiint) r^f th ^ pn th ^f th^ tip n=r- iiil " -i r 
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F I G. 7 ohow5 tho relationship b e tween thf^ - e o wprGssion force y 

\y applied by the spring of the actuator, and the contact interval betwe^ 

^ the tip member and the rotor; / 
Cr FIG. 8 shows the relationship between the speed (ro^tion) and 

5 load on the rotor in the actuator; / 

FIG. 9 shows the actuator output characteristijzS (load-to-drive 

efficiency characteristics); / 

FIG. 10 shows the elastic contact mod^enerating elastic 
deformation in the contact area of the tip memfcfer and the rotor in the 
1 0 actuator; / 

? FIG 1 1 shows the relationshio/i^tween the displacement of 

^ the piezoelectric element and the dris^ force generated thereby in the 

elastic contact model; / 
SI FIGS. 1 2a, 1 2b, 1 2c^d show the deportment when the 

°5 piezoelectric element extend/and contracts in the elastic contact model; 
p FIG. 1 3 showyhe relationship between the displacement of 

W the piezoelectric elemef<t and the compression force in each state in the 

O elastic contact mocm; 

^ FIG. l/shows the structure of another embodiment of a truss- 

20 type actuator^/ 

/\G. 1 5 shows the voltages applied to the two piezoelectric 
element^ the actuator, and the displacement resulting therefrom; 

y FIGS. 1 7a, 1 7b, 1 7c, 1 7d, 1 7d, 1 7e illustrate the principle of 
rgt fpting t^f^ rotor bv arL OC^t^eter. 
25 In the following description, like parts are designated by like 

reference numbers throughout the several drawings. 



-6- 




HFTAII FD DESCRIPTION OF THE PRFFFRRED FMBODIMENTS 

An embodiment of the actuator of the present invention is 
described hereinafter. First, FIG. 1 shows the structure of a laminate-type 
piezoelectric element used as a displacement element of an actuator. As 
5 shown in FIG. 1 , the laminate-type piezoelectric element 1 0 comprises 

alternating layers of a plurality of ceramic thin plates 1 1 having the voltage 
characteristics of PZT or the like, and electrodes 12 and 13, each ceramic 
thin plate 1 1 and electrode 12 and 13 being fixedly attached by adhesive 
or the like. The electrodes 1 2 and 1 3 arranged in every second layer are 
1 0 respectively connected to a drive power source 1 6 through signal lines 1 4 
? and 1 5 When a specific voltage is applied between signal lines 1 4 and 1 5, 

an electric field is generated in the laminate layer direction in each 
'H ceramic thin plate 1 1 interposed between the electrodes 12 and 13, and 

5 every second electric field is in the same direction. Accordingly, each 

p5 ceramic thin plate 1 1 is laminated such that the polarization direction of 

every second thin plates 1 1 are identical (i.e., the polarization direction of 
i two adjacent ceramic thin plates 1 1 are opposite). A protective layer 1 7 is 

a provided at the bilateral ends of the laminate-type piezoelectric element 

° 10. 

20 When a direct current drive voltage from the drive power 

source 16 is applied between the electrodes 12 and 13, all ceramic thin 
plates 1 1 extend or contract in the same direction, so as to extend or 
contract the entire piezoelectric element 10. When the electric field is 
small, the displacement of the piezoelectric element 10 and the electric 

25 field generated between the electrodes 1 2 and 1 3 can be viewed as a 

nearly linear relationship in the region wherein displacement hysteresis can 
be ignored. This condition is shown in FIG. 2. In the drawing, the horizontal 
axis represents the electric field strength, and the vertical axis represents 
the distortion ratio. 
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-Wl-i e i'i cii I u H^rndtlng coffefH Ndrive vo l tago (AC signa l ) from Vr^ 
^■^jf^ drive power source 1 6 is applied between the electrodes 1 2 and^J-SrTfie 
^ ceramic tinin plates 1 1 repeatedly extend and contract in^h^tame 
direction in accordance with the electric field, sucfj^i+lat the entire 
5 piezoelectric element 10 repeatedly extend^^^Jnd contracts. The 

piezoelectric element 10 has an intririsiol^sonance frequency determined 
by the electrical characteristicsprta structure of the piezoelectric element. 
When the frequency of thp'<5lternating current driver voltage and the 
resonance frequency^ the piezoelectric element 10 match, impedance is 
1 0 reduced, and tja^aisplacement of the piezoelectric element 1 0 is 
O increased/fhe piezoelectric element 10 desirably uses the this resonance 

gi phepdmenon to drive at low voltage for small displacement relative to the 

-g ixtor - na l di i i l o n siorts of th e p i ezo el octric o l omcnt 1 -Q. 

Iff 

The structure of the truss-type actuator (hereinafter, referred to 
simply as "actuator") of the present embodiment is shown in FIG. 3. As 
H shown in FIG. 3, the two displacement elements (laminate-type first 

U piezoelectric element and second piezoelectric element) 10 and 10" are 

.5 arranged so as to intersect at an approximate right angle, and a tip 

CI member 20 is cemented with adhesive to the ends on the intersection side. 

20 On the other hand, the other ends of the first and second piezoelectric 
elements 10 and 10' are cemented with adhesive to a base 30. The tip 
member 20 is desirably formed of tungsten or the like having excellent 
wear resistance so as to a obtain stable and high friction coefficient. The 
base 30 is desirably formed of stainless steel or the like having excellent 
25 strength and easily manufactured. The adhesive is desirably an epoxy resin 
or the like having excellent strength and adhesion. The first piezoelectric 
element 10 and the second piezoelectric element 10' are essentially 
identical to the piezoelectric element 10 shown in FIG. 1 , and the various 
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structural elements of the second piezoelectric element 10' are 
differentiated by appending the symbol (') thereto. 

The tip 20 performs an elliptic movement by driving the first 
and second piezoelectric element 10 and 10' v^ith altemating current 
signals having a phase difference. When the tip 20, for example, is pressed 
against the exterior surface of a rotor 40 which is rotatable about a specific 
axis, the elliptic movement (including circular movement) of the tip 20 can 
be converted to a rotational movement of the rotor 40. Furthermore, the 
elliptic movement of the tip 20 can be converted to linear movement of a 
rod-like member, for example, by the tip 20 pressing against the flat 
surface of the end of a rod (not illustrated). The material of the rotor 40 is 
desirably a light-weight metal such as aluminum or the like, and the surface 
of the rotor 40 is desirably subjected to processing such as aluminum 
anodizing process or the like to prevent wear caused by friction with the tip 
20. 

The block structure of the drive circuit is shown in FIG. 4. An 
oscillator 50 generates (oscillates) sine wave signals at a resonance 
frequency matching the same phase mode and the opposite phase mode, 
as previously described. A phase controller 51 controls a delay circuit 52 in 
accordance with the rotation speed, drive torque, and rotation direction of 
the rotor 40, i.e., the driven member, so as to generate a sine wave signal 
of shifted phase. An amplitude controller 53 controls a first amplifier 54 and 
a second amplifier 55 so as to amplify the amplitude of the two sine wave 
signals having mutually shifted phases. The sine wave signals amplified by 
the first amplifier 54 and the second amplifier 55 are respectively applied to 
the first piezoelectric element 10 and the second piezoelectric element 10'. 

The drive signals for driving the first piezoelectric element 10 
and the second piezoelectric element 10" are described below. When the 
two intersecting and independent movements are combined, the 



intersection point describes a path in accordance witli a system of elliptic 
movement (Lissojous system). In the actuator of the present embodiment, 
various paths may be described by changing the amplitude (voltage) and 
phase difference of the drive signal used to drive the first piezoelectric 
element 10 and the second piezoelectric element 10'. FIGS. 5a~5e show 
the paths when the amplitude of the of each drive signal is equalized, and 
the phase difference between each drive signal is 0°, 45°, 90°, 1 35°, and 
180°. 

In this way the rotation direction, rotation speed, and rotation 
force (torque) of the rotor 40 and the like can be controlled by controlling 
the path of the tip 20. Specifically, if the diameter of the path of the tip 20 
is enlarged in a tangent direction relative to the rotor 40, the rotation 
speed of the rotor 40 increases. Furthermore, if the diameter of the path of 
the tip 20 is enlarged in a normal line direction relative to the rotor 40, the 
rotation force of the rotor 40 is increased. If the phase is inverted, the 
rotation direction can be reversed. 

A prototype of the actuator shown in FIG. 3 was actually 
produced, and tested to determine optimum drive conditions. First, FIGS. 
6a~6e show the paths of the tip when the actuator is driven at different 
voltages with the actuator in a non-load condition (tip 20 and rotor 40 not 
in contact). The relationship between the voltage of the drive signal 
applied to the piezoelectric elements 10 and 10' and the diameter 
(amount of displacement) of the path of the tip 20 is shown in FIG. 6f. The 
relationship between force applied by the spring 41 and the contact 
interval of the tip 20 and the rotor 40 is shown in FIG. 7. 

FIG. 6a shows the path when a drive signal of amplitude 
(voltage) 30 V is applied to piezoelectric elements 10 and 10'; FIG. 6b 
shows the path at 40 V; FIG. 6c shows the path at 50 V; FIG. 6d shows the 
path at 60 V; FIG. 6e shows the path at 70 V. FIG. 6f shows the voltage-to- 
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displacement characteristics (i.e., amount of displacement dX in tlie X 
direction). As can be understood from tine drawings, in tine range of drive 
signal voltages 30 V to 70 V, the voltage of the drive signal of the 
piezoelectric elements 10 and 10' and the amount of displacement of the 
tip 20 are near proportional. 

Jri-El C. 7, II l u ve i l i eu! am l ep r esent^ I I l e uu i il u i^ l l u l iu vv l ik^ s 
a ratio of the contact interval, during which the tip 20 is in contpefwith the 
rotor 40, to the entire time period, and the horizontal axis^^^^esents the to 
the compression force of the spring 41 . When th^>^age (drive signal 
amplitude) is 70 V, the contact interval bety*^n the tip 20 and the rotor 40 
is near proportional to the compressipflrorce of the spring 41 . When the 
voltage is 70 V, the amount of;2fifplacement of the piezoelectric elements 
10 and 10' becomes larg^<and the speed of the tip 20 increases due to 
the elastic deformaJi<5n speed (recovery speed) of the rotor 40 and tip 20 
through the re^K^Non force of the pressure applied by the spring 41 , such 
that the tip^ is completely separated from the rotor 40. As the 
comppdssion force applied by the spring 41 increases, the recovery speed 
of ine tip 20 and rotor 40 increases, and the time during which the tip 20 is 
t^^e pu i uled f i& m tho rotor AO becomes shorter. - 

In contrast, when the voltage is 50 V and 30 V, the amount of 
displacement of the piezoelectric elements 10 and 10' is small, and the 
recovery speed of the tip 20 and the rotor 40 becomes faster via the 
reaction force to the compression force applied by the spring 41 , such that 
the tip 20 and the rotor 40 ore in a state of normal contact. Comparing 
the two voltages, when the voltage is 30 V, there is less displacement of 
the piezoelectric elements 10 and 10', and the range of normal contact 
interval of the tip 20 and the rotor 40 is wider since the speed of the tip 20 is 
slower. For example, in the case of a voltage of 50 V, the transition point of 



the intermittent contact state and the normal contact state of the tip 20 
and the rotor 40 is near the a compression force of 2.5 N. 

Then, the voltage of the drive signals of the piezoelectric 
elements 10 and 10' were set at 50 V and a frequency of 25 kHz, and the 
load-to- (rotation) speed characteristics of the rotor 40 v\/ere measured 
Y/UWe changing the compression force of the spring 41 between 0.5 N to 5 
N. The measurement results ore shown in FIG. 8. The output characteristics 
(load-to-drive efficiency characteristics) of the actuator under identical 
conditions is shown in FIG. 9. 

First, we focus on the vertical axis (when the load is zero) in FIG. 
8. In Q non-load state, the speed V is decreased in accordance with an 
increase in the compression force of the spring 41 from 0.5 N to 5 N. 
However, in the state of intermittent contact between the tip 20 and the 
rotor 40, i.e., when the compression force of the spring 41 has the 
characteristics curve of 0.5 N, 1 N, 1 .5 N, and 2 N, the friction force 
increases between the tip 20 and the rotor 40 in accordance with the 
increase in compression force by the spring 41 . and the starting force 
(acceleration) of the actuator increases. As can be understood from FIG. 7, 
the time of contact between the tip 20 and the rotor 40 increases in 
accordance with the increase in the compression force of the spring 41 . 
Although there is deceleration during the contact between the tip 20 and 
the rotor 40, the influence of the increase in the starting speed is greater 
than the influence of this deceleration. As a result, the output of the 
actuator increases. 

On the other hand, in the state of normal contact between 
the tip 20 and the rotor 40, i.e., when the compression force of the spring 41 
has the characteristics curve of 3 N, 4 N, and 5 N, the friction force 
increases between the tip 20 and the rotor 40 in accordance with the 
increase in the compression force of the spring 41 , such that there is 
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increased acceleration of the actuator, however, there is also a 
simultaneous increase in deceleration. Since the voltage of the drive signal 
is fixed at, for example, 50 V, the amplitude of the displacement of the 
piezoelectric elements 10 and 10' is constant, and the difference between 
the deceleration force (equivalent to torque) is early constant. However, 
as a result the actuator is reduced due to a reduction in speed when the 
compression by the spring 41 increases. 

Considering the aforesaid conditions in FIG. 8 and focusing on 
the characteristics curve of a compression force of 2 N and 3 N in FIG. 9, it 
can be understood that the optimum actuator drive efficiency occurs 
when the transition point of a state of intermittent contact between the tip 
20 and the rotor 40 and the normal contact state is in the vicinity of a 
compression force of 2.5 N. In the case of this actuator, the condition of 
maximum drive efficiency r\ is simultaneously the condition of maximum 
actuator output since the electrical input is constant. 

Next, the test results were analyzed using an elastic contact 
model producing elastic deformity in the contact area of the tip 20 and 
the rotor 40. The elastic contact model is shown in FIG. 10. In FIG. 10, 
consider a spring having the collective mass of the piezoelectric elements 
10 and 10' and the tip 20 and rotor 40. The mass of the piezoelectric 
elements 10 and 10', and the mass of the tip 20 are added. One end of 
the rotor 40 and the base 30 are fixed, and one end of the piezoelectric 
elements 10 and 10' are fixed to the base 30. The spring constant of the 
spring 41 is designated l<1 , the mass of the base 30 is designated ml , the 
spring constant and mass of the combined piezoelectric elements 10, 10' 
and tip 20 are designated l<2 and m2, and the spring constant and mass of 
the rotor 40 are designated k3 and m3. 

Tho ro l at ioQsbi p between thcr dts p lac ernent o f t l 'ie — 
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■disploeemenHs-st roWn I n FI O. I I . \\\ lhu -df H\ftdn g , thp v^rt rn l Q^'y 
represents the amount of displacement X of the piezoelectric^ments 10 
and 10', and the horizontal axis represents the force F g^pi^ated by the 
piezoelectric elements. Since the piezoelectric elerp^ts 10 and 10' are 
displaced only an amount XO when a voltage^yefis applied to the 
piezoelectric elements 10 and 10', a force,K<k2-X0 is generated at the 
ends of the piezoelectric elements ip^ 10'. Conversely, in the state 
wherein a voltage is not appliepHothe piezoelectric elements 10 and 10', 
the weight W at that end oHhe element is such that weight W=FO, and the 
piezoelectric element^and 10' are displaced only -XO (contracts only 
XO). The Now assopfie a spring having a spring constant K is mounted in a 
state of free l^r^th to the piezoelectric elements 10 and 10'. When the 
amount Q^placement when a voltage Vo is applied to the piezoelectric 
elem^f<ts 10 and 10" is designated X, and the reaction force from the spring 
is d^gnated F, the relationships F0=(K+k2)-X, and F=K-X obtain. When the 
^$^Qiije-l'^45-peii iov t ^d from these u quutions, tho rG l ationghi p- ^(rO F) obtainG ^ 
The operation when the piezoelectric elements 10 and 10" 
extend and contract is analyzed below. FIG. 12a shows the state before 
integration of the piezoelectric elements 10 and 10'; FIG. 12b shows the 
initial state of the integrated piezoelectric elements 1 0 and 1 0'. A pressing 
force N acts in the system without the application of a voltage to the 
piezoelectric elements 10 and 10'. Each element contracts in accordance 
with the spring constant, and the piezoelectric elements 10 and 10' have 
the same weighted state at one end. 

FIG. 12c shows the displacement of the piezoelectric elements 
10 and 10" when the voltage applied to the piezoelectric elements 10 and 
10' is gradually increased. The spring 41 and rotor 40 (spring component) 
contract and the compression increases in accordance with the extension 
of the piezoelectric elements 10 and 10'. The piezoelectric elements 10 
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and 10' are identical in tinat a spring leaving a spring constant 

K=K1 .K3/(K1 +l<3) is mounted on one end of the piezoelectric elements 10 

and 10". 

FIG. 12d shows the state resulting from a rapid reduction or 
reversal of the voltage applied to the piezoelectric elements 10 and 10', 
and the rapid contraction of the piezoelectric elements. In this case, the 
rotor 40 follows the rapid displacement of the piezoelectric elements 10 
and 10', but the base 30 and the spring 41 cannot follow, and only the 
base 30 is not displaced. Accordingly, in FIG. 1 2d, the base 30 is at rest as a 
wall. 

When the piezoelectric elements 1 0 and 1 0' contract, the 
spring component of the rotor 40 is extended in conjunction with the 
contraction of the piezoelectric elements, and the compression force 
pressing between the rotor 40 and the piezoelectric elements 10 and 10' is 
reduced. In this case, the spring opposing the piezoelectric elements 10 
and 10' is only the spring component (spring constant k3) of the rotor 40, 
and the spring constant is greater than when the piezoelectric elements 10 
and 10' are extended as shown in FIG. 12c (k3>K). Accordingly, when the 
piezoelectric elements 10 and 10'contract as shown in FIG. 12d, the slope 
of the displacement-to-generated force characteristics are smaller than 
when the piezoelectric elements 10 and 10' are extended as shown in FIG. 
1 2c. As a result, the path of the tip 20 provided at the intersection of the 
two piezoelectric elements 10 and 10' shifts from circular to elliptic. 

The rolationship of each constant is d ^lerir ii n eUjJS^^ 
12a~12d. The compression f orcejn,EiaSH-25rT2cn2d are designated N, 
N', N"; the displagej^erTTofeach element is designated AXn, AXn', AXn" 
(wher^.jT^t^). Since the total length of the system is unchanged in these 
»|^^4esT-the_fQliQwing rglationGhip obtains. 

AX1 +AX2+AX3=AX1 '-AX2'+AX3'=AX"+AX2"+AX3" (1 ) 
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The following are derived from Hooke's Law. 
N=AX1 xkl =AX2xk2=AX3xk3 
N'=AX1 'xkl ={X0-AX2')xk2=AX3'xk3 
N"=AX2"xk2=AX3"xk3 

When N, N', N" are substituted in the left side of the equality of 

equation (1 ), the following is obtained. 

N(l /kl +1 /k2+l /k3)=N'(l /kl +1 /k2+l /k3)-X0 
N-N'=X0/(l/kl+l/k2+l/k3) (2) 
t iimi l ar l 'y', w i non N, H', u i e substituted i n t l- ie right o i do of — 

eqyetie n tho fo ll owing obtains. 

N'(l /kl + 1 /k2+l /k3)-X0=N7kl +n"(1 /k2+1 /k3) 
N'-N"=X0/(1/k2+1/k3) (3) 
Wh en N' is el iminated f i uni eq uatiohs (^j and (3), Ihe f o ll owi n g - 

N-N'=X0(1 /(I /k2+l /k3)-1 /(I /kl +1 /k2+l /k3)) 
When-l he ui l icu l cumpr o ssion forco - of l heb[jMMyji1.jj^^ 
time of transition from the intemnitteDJ-cef^^ the normal contact 

state betwe©fvttTSTTp'20and the rotor 40 is designated Nt, since N"=0, the 
<jdlI^A /ing obtainih • 

Nt=X0(l /(I /k2+l /k3)-l /(I /kl +1 /k2+l /k3)) (4) 
On th o othe r I lui id, tl- iu u iiipl i t udfa? Nw uf II 
applied to the rotor 40 is normally.QDOs+entTrrnTe^^ contact state 
between thejip'20'andthe rotor 40, such that from equation (3) the 

Nw=N'-N"=XO/( 1 /k2+ 1 /k3) (5) 
At this time the displacement Xt of the piezoelectric elements 
10 and 10' is also constant, and that value is expressed below. 

Xt=AX2'+AX2"=X0-N'/k2+N"/k2=X0 k2/(k2+k3) (6) 
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In order to increase the output of a truss-type actuator such as 
the present embodiment, the force in the tangent direction of the rotor 40 
transmitted to the rotor 40 from the tip 20, i.e., the difference in the 
acceleration force and deceleration force, may be increased. This force in 
the tangent direction is expressed as the product of the friction coefficient 
J. acting between the tip 20 and the rotor 40, and the amplitude Nw of the 
compression force. Various methods of increasing the friction coefficient ji 
have been proposed heretofore, and description of these methods are 
omitted. However, As can be understood from equation (5), increasing the 
amplitude Nw of the compression force can be achieved by increasing 
the displacement XO of the tip 20 or the piezoelectric elements 10 and 10', 
or increasing the spring constant k2 of the piezoelectric elements 10 and 
1 0' or the spring constant k2 of the spring component of the rotor 40. 

The method of increasing the displacement XO includes 
methods of simply increasing the amplitude (voltage) of the drive signal 
applied to the piezoelectric elements qO and 10', and methods which use 
the resonance phenomenon to drive the piezoelectric elements 10 and 10' 
at their respective resonance frequency. In the case of the former method, 
the drive efficiency is not changed because the energy required to drive 
the piezoelectric element also increases. In the case of the latter method, 
the drive efficiency is effectively improved because a large displacement 
is obtained using little energy. 

The combined spring constant k2 of the tip 20 and the 
piezoelectric elements 1 0 and 1 0", and the spring constant k3 of the rotor 
40 are determined by the characteristics and shape of the respective 
members. When the cross section of the piezoelectric elements 10 and 10" 
and the rotor 40 is designated S, the elasticity of the material of these 
members is designated E, and their length is designated L, the spring 
constant k is expressed as k=S-E/L. Accordingly, the spring constants k2 and 
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k3 can be increased by increasing the cross sections S and reducing tine 
lengtin L of tine piezoelectric elements 10 and 10', tip 20, and rotor 40, and 
the elasticity E of the material of these members, with the result that the 
output of the actuator can be increased. 

•Stn ue II ifc! sp i i i ly cons l ar^ l k3 of I he l ulo f 40 c h&gggs 
depending on the surface roughness andj3ardf=i^§rofthe contact surface 
of the tip 20, may bejTT^ide-srnoothby polishing the surfaces of the tip 20 
and roto!:^4Qr'andincreasing the hardness of the surface by a nitriding 
^ggoe esG or oxidation process — 
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Although a piezoelectric element is used as the displacement 
element in the present embodiment, piezoelectric elements generally are 
made of ceramic material which increase the attenuation of the oscillation 
compared to metal material, and have a small displacement expansion 
ratio during resonance. Although ceramic is strong relative to compression 
force, it is weak relative to tension force, and there is a possibility of peeling 
at the cemented surface particularly in the case of laminate-type 
piezoelectric elements. An element formed by a single layer piezoelectric 
element and a metal elastic body connected in series may be used as the 
displacement element. The structure of a truss-type actuator using such a 
displacement element is shown in FIG. 14. 

- A first disp l accmont olcmcnt 60 (jr i d seco i id dibplucemejjp' 
element 61 respectively comprise a single layer piezoelee+ri^'eiement 
(ceramic thin plate) 61 and 61', and elasticj^ady^l , 62', and electrodes 
are not provided on both surface^-efl^Te piezoelectric elements 61 and 61". 
The first displacement elepp^^nt 60 and the second displacement element 
60' are attached tpHfie tip 20 and base 30 by bolts 63 and 63" without using 
adhesive. Ttv^elastic bodies 62 and 62' and the base 30 are respectively 
fornri^d^ electrically conductive material, drive power sources 1 6 and 1 6' 
as ^L.u\ II ifcic l ed bulwoon tho olastic bodies 62, 62' and th o bas e 30, so as — 



-18- 



te-ettwe4he-ftrs^dt ^ e l emen t bUand I he seco n d displuuem^i:^ 

elemetM 60' ul II lu piG viou->ly d e scribed rcs o nanco froqueno yr^ 

Displacement can be magnified by resonating the elastic 
bodies 62 and 62' using the piezoelectric elements 61 and 61' as the 
5 oscillation source. Displacement is greater because of the small 

attenuation of the metal material, and it is possible to prevent damage to 
the piezoelectric elements 61 and 61' by reducing the tension force added 
to the piezoelectric elements 61 and 61'. Aluminum, titanium, iron, copper 
and alloys thereof may be used as the material for the elastic bodies 62 
1 0 and 62'. The proportion of the entire displacement element of the single 
layer piezoelectric elements 61 and 61 ' is extremely small in the length 
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direction. 

Although two displacement elements 1 0 and 1 0" or 60 and 60' 
'5 are arranged so as to intersect in order to drive the tip 20 in the description 

% of the present embodiment, the present invention is not limited to this 
^ arrangement inasmuch as these displacement elements also may be 

1 arranged at other optional angles, e.g., 45°, 1 35° and the like. Furthermore, 

p the number of displacement elements is not limited to two, inasmuch as 

O three or more displacement elements may be used, so as to drive the 

displacement elements with three or four degrees of freedom. The drive 
source of the displacement element need not be only a piezoelectric 
element, since other electrical or mechanical displacement elements may 
be used, such as a magnetostrictive element and the like. 

As described above, the present invention drives a 
displacement element when the tip member is on contact with the rotor, 
and near conditions of transition from an intermittent contact state to a 
normal contact state. 

When the drive member (e.g., tip member 20) and the driven 
member (e.g., rotor 40) are in a state of intermittent in contact, the friction 
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force acting between the drive member and the driven member increases 
in conjunction with increase in compression force by the compression 
member (e.g., spring 41 ), thereby increasing the starting force 
(acceleration) of the actuator. Furthermore, the time of contact between 
5 the drive member and the driven member lengthens In conjunction with 
the increase In the compression force by the compression member. Since 
the increase In acceleration is greater than the deceleration during 
contact between the drive member and the driven member, the actuator 
output Is increased. 

10 On the other hand, when the drive member and the driven 

O member are in a state of normal contact, the friction force acting 

p=l between the drive member and the driven member Increase in 

conjunction with the Increase in compression force by the compression 
member, so as to produce an increase in the starting force of the actuator, 
Cp5 but the deceleration force also Increases simultaneously. When the 

U voltage of the drive signal is fixed, the amplitude of the displacement of 

O 

m the displacement element Is constant, and the difference between 

01 

acceleration force and deceleration force (equivalent to torque) is nearly 
O constant. Since the speed is reduced when the compression force of the 

20 compression member increases, there is a resulting reduction in the output 

of the actuator. 

^ -T^eeofdi ng l y, th o actuator drivo o fficio ncv^can^bej]ig>a^^ 

"^1^'^ and the actuator output can be simultarTeousjyjqpra5dm^^ the 
displacement element thedriye-^RPt^fi^5e^ and driven member are in a 
25 state ofjnterw^t^fn^con and in a state near the condition of transition 
1 the Intcrf nill c i il qu i i l uu l s l u l e lu II i b; nor n i a l contact gfatc . 

When the spring constant of the compression member Is 
designated kl , the spring constant of the displacement member is 
designated l<2, the spring constant of the combined drive member and 
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driven member is designated k3, the amount of displacement of tine 
displacement element is designated XO, and the compression force of the 
compression member Is designated Nt, the actuator can be driven under 
critical conditions by satisfying the relationship below. 

Nt=XO (1/(1 /k2+ 1 /k3)- 1 / ( 1 /I<1 + 1 /k2+ 1 /k3) ) 

The amount of displacement XO of the displacement element 
can be increased without increasing the drive voltage of the displacement 
element by driving the displacement element at a resonance frequency. 

Although the present invention has been fully described by 
way of examples with reference to the accompanying drawings, it is to be 
noted that various changes and modification will be apparent to those 
skilled in the art. Therefore, unless otherwise such changes and 
modifications depart from the scope of the present invention, they should 
be construed as being included therein. 
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